Correspondence: Nanxiang Zheng (729978153@qq.com) Tripartite motif containing 25 (TRIM25) is a member of TRIM proteins and functions as an E3 (ubiquitin ligase). It has been found to act as an oncogene in gastric cancer cells and is abnormally expressed in cancers in female reproductive system. Here, we investigated the function of TRIM25 in colorectal cancer. TRIM25 was found to be significantly up-regulated in colorectal cancer tissues and cancer cell lines through real-time PCR assay. Colorectal cancer cells (CRCs) overexpressing TRIM25 exhibited a two-fold higher proliferation and migration rate compared with their parental lines in vitro. Moreover, TRIM25 also promoted tumor progression in vivo. Further study indicated that TRIM25 worked through positively regulating transforming growth factor β (TGF-β) signaling pathway to regulate the proliferation and invasion of CRCs. In summary, our results indicate that TRIM25 also acts as an oncogene in colorectal cancer and it functions through TGF-β signaling pathway. Thus, TRIM25 represents potential targets for the treatment of colorectal cancer.
Introduction
Colorectal cancer is the third most common cancer and the third leading cause of cancer deaths in men and women in the United States [1] . Colorectal cancer shows significant stage dependence of the 5-year overall survival rate [2] . The 5-year OS of patients without metastasis (the localized stage) can be more than 90%, while the 5-year OS of patients with distant metastasis at the time of diagnosis is less than 15% [1]. Colorectal cancer is undoubtedly a major health threat to world population. Despite recent advances in the screening and treatment of colorectal cancer, the prognosis of patients with colorectal cancer remains substandard [3] . The majority of colorectal cancer metastasis is to the liver, and surgical resection is the most effective therapy for liver metastases of colorectal cancer. However, metastatic recurrence following curative surgery is the leading cause of mortality [4, 5] . Therefore, it is important to understand the biological mechanisms underlying colorectal cancer progression and identify the factors that contribute to the metastases of colorectal cancer.
Ubiquitination is a very important post-translational modification of proteins. Ubiquitination plays an important role in the regulation of cell proliferation, differentiation, and apoptosis [6] . It can signal for protein degradation via the proteasome, alter proteins' cellular location, affect proteins activity, and promote or prevent proteins' interactions [7] [8] [9] . Ubiquitination is carried out in three main steps: activation, conjugation, and ligation, performed by ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases (E3s), respectively. Tripartite motif containing 25 (TRIM25, also known as estrogen-responsive finger protein) is a member of TRIM proteins and functions as an E3 ubiquitin ligase [10] . TRIM25 mediates K63-linked polyubiquitination of retinoic acid inducible gene I (RIG-I) and is critical for RIG-I-mediated antiviral signaling and interferon production [11] . Numerous viruses, including influenza A virus and Kaposi's sarcoma-associated human herpes virus (KSHV), have evolved strategies to target this pivotal ubiquitination of RIG-I [12, 13] . TRIM25 has also been broadly studied in the cancer area. It has been reported to be required for melanoma differentiation associated gene 5 (MDA5) and MAVS-mediated activation of nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) and interferon production [14] . In the past few years, TRIM25 has been found to be abnormally expressed in cancers of the female reproductive system. TRIM25 has an elevated expression in breast cancer [15, 16] and ovarian cancer [17] , but down-regulated in the endometrial carcinoma [18] . Overexpression of TRIM25 in lung cancer can regulate tumor cell progression [19] . It has also been reported that TRIM25 blockade by RNA interference inhibited migration and invasion of gastric cancer cells through transforming growth factor β (TGF-β) signaling [20] . However, the expression of TRIM25 in colorectal cancer and the connection of TRIM25 and colorectal cancer metastases have not yet been investigated. In the present study, we aim to investigate the function of TRIM25 in colorectal cancer in vitro and in vivo.
Methods

Colorectal cancer tissues
Colorectal cancer tissue samples were obtained from 11 patients who were diagnosed with colorectal cancer in Nanjing Medical University Affiliated Wuxi Second Hospital. Tumor samples were surgically removed and collected in separate tubes, then frozen by liquid nitrogen and stored at −80
• C until use. The protocol was approved by the Committee on the Ethics of Animal Experiments of Nanjing Medical University Affiliated Wuxi Second Hospital (#WSH-jw87).
Cell lines and mouse
Colorectal cancer cell (CRC) lines, HCT116 and HT29 were obtained from A.T.C.C. (Manassas, VA). Cells were maintained in RPMI-1640 medium (Invitrogen, Pleasanton, CA, U.S.A.), supplemented with 10% FBS (Invitrogen) at 37
• C in 10% CO 2 . The nude mice were obtained from Nanjing Medical University. The present study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of Nanjing Medical University Affiliated Wuxi Second Hospital (#WSH-ra03).
Reagents
The following antibodies were used in the present study: anti-TRIM25, anti-actin, anti-TGF-β and anti-bone morphogenetic protein (BMP)-4 and purchased from Abcam (Cambridge, MA, U.S.A.). Anti-p-Smad2, anti-Smad2, anti-p-Smad4, anti-Smad4, and anti-tubulin were purchased from Cell Signaling Technology (Danvers, MA, U.S.A.).
RNA extraction and real-time PCR
Total RNA was extracted from tissues and cell lines using TRIzol reagent (Invitrogen), according to the manufacturer's instructions. Followed by real-time PCR as described recently [21] , using GAPDH as an internal standard.
Cell transfection
The HCT116 cells were plated into six-well plates with 2.5 × 10 4 cells/well. Once the cells were 30-40% confluent, TRIM25 plasmid, accompanied with Lipofectamine 2000 (Invitrogen) were transfected into the HCT116 cells. The medium was changed after 24 h incubation.
Cell proliferation assay
The HCT116 cells were seeded and transfected in six-well plates with 2.5 × 10 4 cells/well, and subsequently transferred into 96-well plate with 3000 cells/well for 24 h following the transfection. The proliferation of the cells was detected using a cell counting kit-8 reagent (Dojindo Laboratories, Kyushu Island, Japan), according to the manufacturer's instructions. The analysis was done as described recently [22] , using a microplate reader (UV-6100; Shanghai Mapada Instruments Co., Ltd., Shanghai, China). The experiments were performed in triplicate.
Lentiviral vectors and infection
Lentiviral vectors for TRIM25 overexpression were constructed by Shanghai Liangtai Biotechnology Company. The recombinant lentivirus and the negative control lentivirus were prepared and titered to 10 9 TU/ml (transfection units). To obtain the stable cell lines, cells were seeded in six-well plates with 2 × 10 5 cells/well. The cells were infected with the same viral titer with 8 μg/ml polybrene the following day. After 72 h of viral infection, the culture medium was replaced with selection medium containing 4 μg/ml puromycin. The cells were cultured for at least 14 days. The puromycin-resistant cell clones were isolated, amplified in medium containing 2 μg/ml puromycin for 7-9 days, and transferred to a medium without puromycin.
Western blot
Cells were harvested and lysed in ice-cold RIPA lysis buffer (1% NP40, 0.5% Na-deoxycolic acid, and 0.1% SDS in PBS) with added fresh protease inhibitor (Sigma-Aldrich, St. Louis, MO, U.S.A.). The protein concentration was quantitated using the BCA protein assay from Pierce Bioscience (Vazyme E112-01/02, Nanjing, China). Whole-cell lysates with equal amount of protein were separated by SDS/PAGE and transferred on to PVDF membranes (Millipore, Bredford, MA, U.S.A.). Membranes were blocked with 5% skim milk and then incubated with primary antibodies at 4 • C overnight. Membranes were visualized using the appropriate secondary antibodies at room temperature for 1 h followed by the ECL system (Pierce, Rockford, IL, U.S.A.) according to the manufacturer's instructions.
Mouse subcutaneous model
HCT116 cells were harvested at 70-80% confluence and counted. The nude mice were subcutaneously injected with 1 million HCT116 cells/mouse. Tumor volume was measured every week.
Wound healing assay
Cells were cultured to 90-100% confluence in six-well plates and subsequently scratched using sterile pipette tips. After scratching, the wells were gently washed with medium to remove the detached cells, and then the medium without FBS was added. Scratched cells were photographed under an inverted microscope after 0, 8, 12, and 24 h. Migration of cells was evaluated by measuring the width of the scratched area at each time point. Each experiment was repeated at least three times.
Cell transwell invasion assay
HCT116 cells on 12-well plates were transfected with TRIM25 expression plasmid or control plasmid. Forty-eight hours after transfection, cells were added to the upper chamber of transwell insert (8 mm pore size, Corning Costar, New York, NY, U.S.A.) with Matrigel-coated membrane (BD Bioscience, Franklin Lakes, NJ, U.S.A.). DMSO or 10 μM TGF-β inhibitor, SB431542 (Sigma-Aldrich, U.S.A.), was added to the upper chamber. Medium containing 20% FBS was added to the lower chamber. After 24 h, cells that did not invade through the pores were completely removed by a cotton swab. Invaded cells were fixed with 4% paraformaldehyde (Sigma-Aldrich, U.S.A.), stained with 0.2% Crystal Violet (Sigma-Aldrich, U.S.A.), and counted under a microscope. Each experiment was repeated at least three times.
Statistical analysis
Data from three independent experiments were presented as the mean + − S.D. Two-tailed Student's t test was used to calculate P-value, and P<0.05 was considered as statistically significant. Statistical analysis was carried out using GraphPad Prism (San Diego, CA, U.S.A.).
Results
TRIM25 is up-regulated in colorectal cancer tissues and cell lines
To determine the function of TRIM25 in colorectal cancer, we first examined the expression levels of TRIM25 in human colorectal cancer samples and their corresponding adjacent tissues by real-time PCR. The results showed that TRIM25 was significantly overexpressed in colorectal cancer tissues, compared with the corresponding adjacent tissues ( Figure 1A) .
To further verify TRIM25 expression in colorectal cancer, we then compared the TRIM25 expression levels between CRC lines and colonic epithelial cell line by real-time PCR. CRC lines (HT29 and HCT116) also have a significantly elevated expression of TRIM25 compared with the colonic epithelial cell line FHC ( Figure 1B) .
TRIM25 promotes the proliferation of CRCs in vitro and in vivo
To assess the potential role of TRIM25 in colorectal cancers, TRIM25 or control plasmids were stably transfected into HCT116 cells (Figure 2A) . A CCK-8 assay was subsequently used to evaluate the proliferation effects of TRIM25 in CRCs. As shown in Figure 2B , overexpression of TRIM25 significantly promotes HCT116 cells proliferation. To further confirm that TRIM25 can stimulate cancer cell proliferation in colorectal cancers, in vivo tumor progression assays were performed using nude mice xenograft model. Following subcutaneous injection for 5 weeks, the tumor volume of the TRIM25 overexpression group revealed a significantly higher progression trend compared with the control plasmid group ( Figure 2C ).
TRIM25 promotes the migration of CRCs
It has been reported that TRIM25 can promote the migration of gastric cancer cells [20] . We therefore tried to figure out whether TRIM25 could promote the migration of CRCs. Wound healing assays were performed to determine the role of TRIM25 in CRCs migration. Scratched cells were photographed under an inverted microscope ( Figure 3A) . Migration of cells was evaluated by measuring the width of the scratched area at each time point. As shown in Figures  3A,B , overexpression of TRIM25 promotes the migration of CRCs.
TRIM25 regulates TGF-β signaling pathway in CRCs
To identify TRIM25-associated pathways in colorectal cancer, we tested the connection between TRIM25 and TGF-β first, based on a recent report [20] . Western blot results showed overexpressing TRIM25 in HCT116 cells resulted in a significantly increase in TGF-β signaling pathway (TGF-β and BMP-4) ( Figure 4A ). We also detected overexpressing TRIM25 in HT29 cells increased the phosphorylation of Smad2 and Smad4, which are downstream of TGF-β ( Figure  4B ). These results indicated that TRIM25 regulates TGF-β signaling pathway in CRCs.
TRIM25 regulates TGF-β signaling pathway to promote the proliferation and invasion of CRCs
Considering that overexpressing TRIM25 could increase TGF-β level, we supposed that TRIM25 regulates the proliferation and invasion of CRCs through TGF-β signaling pathway. Thus, we performed a transwell invasion assay and a CCK-8 proliferation assay using TGF-β inhibitor SB-431542. Figure 5A showed that cells overexpressing TRIM25 have a significantly higher invasion cell numbers compared with the control cells, but TGF-β inhibitor SB-431542 reversed this stimulation, and the CCK-8 proliferation assay showed the same trend. Cells overexpressing TRIM25 have a significantly higher proliferation rate compared with the control cells; TGF-β inhibitor SB-431542 reversed this stimulation ( Figure 5B ).
Discussion
Treatments used for colorectal cancer may include some combination of surgery, radiation therapy, chemotherapy, and targetted therapy. Cancers that are confined within the walls of the colon may be curable with surgery, while cancers that spread widely are usually not curable, with management being directed toward improving quality of life and symptoms. In the United States, the 5-year survival rates are approximately 65%. However, this depends on how advanced the cancer is, whether or not all the cancers can be removed with surgery, and the person's overall health.
TRIM25 is a member of TRIM proteins and functions as an E3 ubiquitin ligase. TRIM25 has a strong connection with different types of cancers, including breast cancer, ovarian cancer, endometrial cancer, lung cancer, and gastric cancer. It has been reported that TRIM25 has an elevated expression in breast cancer, ovarian cancer, lung cancer, and gastric cancer, but down-regulated in the endometrial carcinoma. The recent studies also revealed that knockdown of TRIM25 suppressed cell growth of lung cancer cells [19] and breast cancer cells [23] , but had no effect on the proliferation of gastric cancer cells [20] . All these reports indicate that TRIM25 may have worked as a common oncogene in a broad area of cancers.
However, the knowledge of the expression and possible role of TRIM25 in colorectal cancer is still lacking. In the present study, we found TRIM25 was significantly up-regulated in colorectal cancer tissues and cancer cell lines. When we overexpress TRIM25 in the CRCs, these cells exhibit a significantly higher proliferation and migration rate compared with their parental lines in vitro. Moreover, TRIM25 promoted tumor progression in vivo. These results showed that TRIM25 also works as an oncogene in the colorectal cancer.
Although the molecular mechanism governing the function of TRIM25 in colorectal cancer was not fully clear, it has been reported previously that TRIM25 positively regulates several cancer-related networks in gastric cancer, including migration, E-cadherin, and TGF-β pathways. It has also been reported that TGF-β is commonly deactivated in colorectal cancers. TGF-β has a deactivating mutation in at least half of colorectal cancers. Sometimes TGF-β is not deactivated, but a downstream protein named SMAD is deactivated [24] . Our study indicated that TRIM25 worked through positively regulating TGF-β signaling pathway to regulate the proliferation and invasion of CRCs.
It has been recognized that cell migration and invasion are important for cancer initiation, progression and metastasis [25] . During tumor progression, epithelial-mesenchymal transition (EMT) is a critical step for the progression of primary tumors toward metastases [26, 27] . One of the main factors of EMT is E-cadherin, which contributes to the malignant progression of most carcinomas. Another regulator of EMT is TGF-β signaling pathway. Our study and previous report all showed that TRIM25 regulated both E-cadherin and TGF-β in different types of cancers, suggesting TRIM25 may promote cell migration and invasion through regulating E-cadherin and activating TGF-β signaling pathway, resulting in the regulation of EMT. Further studies will be necessary to explore these possibilities.
As our study showed, TRIM25 activates TGF-β signaling pathway to promote tumor proliferation and metastasis in colorectal cancer. TGF-β signaling pathway controls proliferation, differentiation, and other functions in many cell types. It also plays an important role in controlling the immune system, and shows different activities on different types of cell, or cells at different developmental stages. Based on these functions and the distribution of TGF-β, it is not a good drug target.
TRIM25 only has an elevated expression in either tumor cell lines or tumor tissues, indicating it might be a good drug target candidate. We need to evaluate the TRIM25 expression levels at different stages of colorectal cancers. If TRIM25 expression levels varied at different stages, it might tell us at which stage it is the time to treat patients with target TRIM25 drug, to repress primary tumor growth or inhibit the metastasis. If TRIM25 expression levels keep high in all tumor stages, we may use TRIM25 as a marker to detect patients with colorectal cancers and other TRIM25 associated cancers at a very early stage. If patients with colorectal cancers can be detected at an early stage, it will save most patients' life through surgery.
Since TRIM25 is not mutated in colorectal cancers, we should do further research to look for the upstream signaling pathway of TRIM25 in colorectal cancers, which stimulates TRIM25 overexpressing and results in the tumor progression. We also need to examine functions of other TRIM family members in colorectal cancer and other types of cancers.
Conclusion
In conclusion, our results indicate TRIM25 acts as an oncogene in colorectal cancer and it activates TGF-β signaling pathway to promote tumor proliferation and metastasis. Thus, TRIM25 represents potential targets for the treatment of colorectal cancer.
